Summary Background and aim: We have previously shown that serum plasmalogen levels positively correlate with HDL, and significantly decrease with aging, and may be related to LDL particle size. The objective of the present study was to investigate the effects of increased serum plasmalogens on lipidosis, particularly the appearance of atherogenic small dense LDL (sdLDL), of subjects with hyperlipidemia and metabolic syndrome (MetS). Methods and results: The effects of increased serum plasmalogen levels, induced by 2 wk of myoinositol treatment, on several clinical and biochemical parameters were examined in 17 hyperlipidemic subjects including some with MetS. After myo -inositol treatment, significant increases in plasmalogen-related parameters, particularly ChoPlas, and significant decreases in atherogenic cholesterols including sdLDL, were observed. Among the hyperlipidemic subjects treated with myo -inositol, compared to subjects without MetS, subjects with MetS had a significant increase in plasmalogens and a tendency towards reduced sdLDL, high sensitivity C-reactive protein (hsCRP), and blood glucose levels. Correlation analyses between the measured parameters showed that plasmalogens, as well as HDL, function as beneficial factors, and that sdLDL is a very important risk factor that shows positive correlations with many other risk factors. Conclusion: These results suggest that increased plasmalogen biosynthesis and/or serum levels are especially effective in improving MetS among hyperlipidemic subjects with MetS. Key Words plasmalogens, metabolic syndrome, small dense low-density lipoprotein, myoinositol Plasmalogens (1-alkenyl-2-acyl-sn -glycero-3-phospholipids) in serum are biosynthesized in the liver and secreted into circulating blood as lipoprotein components. Several studies have shown that plasmalogen levels in the plasma or red blood cell membranes decrease with aging or in the presence of hyperlipidemia ( 1 ); plasmalogen levels are decreased in the lowdensity lipoprotein (LDL) of familial hypercholesterolemia patients ( 2 ). However, large scale clinical studies have not yet been done, because the conventional methods used to determine plasmalogens are laborious and unsuitable for highly sensitive quantification.
Plasmalogens (1-alkenyl-2-acyl-sn -glycero-3-phospholipids) in serum are biosynthesized in the liver and secreted into circulating blood as lipoprotein components. Several studies have shown that plasmalogen levels in the plasma or red blood cell membranes decrease with aging or in the presence of hyperlipidemia ( 1 ); plasmalogen levels are decreased in the lowdensity lipoprotein (LDL) of familial hypercholesterolemia patients ( 2 ) . However, large scale clinical studies have not yet been done, because the conventional methods used to determine plasmalogens are laborious and unsuitable for highly sensitive quantification.
Recently, we established a highly sensitive and convenient method for quantifying choline plasmalogen (ChoPlas) and ethanolamine plasmalogen (EtnPlas) separately ( 3 ) . Using this new method, we quantified the serum plasmalogen levels of approximately 300 subjects, and analyzed the correlations of serum plasmalogens with clinical markers and serum biochemical markers. The following results were obtained: i) serum plasmalogens decrease markedly with aging; ii) serum plasmalogen levels are positively correlated with highdensity lipoprotein (HDL); and iii) the ratio of ChoPlas to EtnPlas is positively correlated with LDL particle size ( 4 ). These results suggest that serum plasmalogens, as well as HDL, function as beneficial factors, and furthermore that plasmalogen biosynthesis and/or serum levels are related to the appearance of atherogenic small dense LDL (sdLDL).
Recently, we found a significant increase in rat serum plasmalogen levels after myo -inositol treatment (unpublished data). Myo -inositol is a type of vitamin B that is present in a variety of foods, such as wheat germ, fruits, and vegetables. The mean human dietary intake of myoinositol is estimated to be 500-2,000 mg/d. Myo -inositol is also synthesized in vivo from glucose 6-phosphate. It is well known that myo -inositol exerts various physiological effects, such as preventing fatty liver, improving hypercholesterolemia, and facilitating calcium absorption ( 5 ). In the current study, myo -inositol was used to E-mail: maeba@med.teikyo-u.ac.jp investigate the effects of increased serum plasmalogens. The lipidosis of metabolic syndrome (MetS) is characterized by high TG and low HDL levels, and the consequent appearance of sdLDL. Therefore, the investigations of the effects of increased serum plasmalogens, induced by myo -inositol treatment, on lipidosis of hyperlipidemia and MetS may provide the clinical evidence that serum plasmalogens are involved in the appearance of sdLDL.
METHODS AND MATERIALS
Study subjects and design. Seventeen subjects, who were referred for a medical examination to the Hayashi Clinic and who were diagnosed with lifestyle-related diseases such as obesity and hyperlipidemia, but without taking medications, were recruited; written informed consent was obtained from all subjects prior to enrollment. The study was approved by the ethics committee of the Hayashi Clinic. All subjects took myoinositol (Hokkaido Sugar Co., Ltd, Ishikari, Japan) 5 g daily for 1 wk, followed by myo -inositol 10 g daily for 1 wk. The subjects' diets were not restricted, though special nutrient supplements were prohibited during the treatment period. Blood was collected, and measurements of weight, stature, and waist size were recorded before and after the first week and second weeks of myo -inositol treatment. Questionnaires to obtain information about their medical history, medication status, and current cigarette smoking status were administered when the subjects visited the Hayashi Clinic. After at least a 12-h fast, venous blood samples for the measurement of biochemical parameters were collected. Serum was separated by centrifugation. The lipids and lipoprotein levels were determined immediately, and part of the serum was stored at Ϫ 80˚C until further analysis.
Measurements of plasmalogens and phospholipids. Serum plasmalogen levels were measured with high-performance liquid chromatography (HPLC) using radioactive iodine ( 125 I 3 Ϫ ), as previously described ( 3 ). In brief, serum lipids were extracted according to the Bligh and Dyer method ( 6 ) and redissolved in methanol. The methanol-soluble lipids were reacted with a radioactive iodine reagent containing 125 I 3 Ϫ , which specifically and quantitatively binds to the vinyl ether bonds of plasmalogens. Aliquots of the reaction mixture were applied to the HPLC apparatus equipped with a Diol column (Merck, Darmstadt, Germany), and eluted with acetonitrile/water. The elution was fractionated. To measure the amount of ChoPlas and EtnPlas, the radioactivity of each fraction was counted with an auto-well ␥ -counter. The phospholipid level was determined by measuring the phosphorus content according to the procedure described by Chalvardjian and Rudnicki ( 7 ) .
Measurements of other biochemical parameters. Serum triglyceride (TG), total cholesterol (TC), high-density lipoprotein-cholesterol (HDL-C), low-density lipoprotein-cholesterol (LDL-C), and small dense low-density lipoprotein-cholesterol (sdLDL-C) levels were measured enzymatically using the appropriate commercial kits (Denka Seiken, Tokyo, Japan). Small dense LDL-C was measured by a direct homogenous LDL-C assay in the supernatant that remained after heparinmagnesium precipitation with density Ͻ 1.044 lipoproteins ( 8 ) . Apolipoproteins (apo A-I, B, and E) and high sensitivity C-reactive protein (hsCRP) were measured using turbidimetric immunoassays. Blood glucose was determined with a commercial enzyme kit (Wako Pure Chemical Industries, Ltd., Tokyo, Japan).
Statistical analyses. The statistical analyses were performed using the SPSS 10.0J software (SPSS Japan Inc., Tokyo, Japan). All values are expressed as the mean Ϯ SD. Differences between the means of before and after myo -inositol treatment were compared with the paired t -test. Differences between the means of MetS and non-MetS groups of before/after treatment were compared with the unpaired t -test. Correlations among the measured parameters were assessed with Pearson's product-moment correlation coefficient and p -value.
RESULTS
The clinical background and serum biochemical parameters of the study subjects ( n ϭ 17) before myoinositol treatment are shown in Tables 1 and 2 . Sixteen of the subjects were hyperlipidemic; the rates of hypertriglyceridemia, hypercholesterolemia, and hyper LDL cholesterolemia were 65, 76, and 76% respectively. Half of the subjects were diagnosed with MetS according to Japanese guidelines. A waist size greater than 85 cm is one of the criteria for MetS in Japanese men; 13 of the 15 males had a waist size greater than 85 cm. All the two females had a waist size less than 90 cm, which is one of the criteria for MetS in Japanese women. Therefore, a sex difference was not considered to distinguish MetS from non-MetS group in the present study. The mean small dense LDL (sdLDL-C) level was 46.4 mg/dL BMI, body mass index; TG, triglyceride; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol. * Japanese criteria for metabolic syndrome (MetS). (range, 15.0-83.9 mg/dL). The mean value was greater than that of normal subjects (31 Ϯ 12 mg/dL) and was nearly equal to that seen in hyper LDL cholesterolemia (53 Ϯ 17 mg/dL) and hypertriglyceridemia (52 Ϯ 19 mg/ dL), as reported previously by Ito et al. ( 8 ) . Half of the subjects had an hsCRP level greater than the normal hsCRP level (0.1 mg/dL) proposed by the Centers for Disease Control and Prevention, which is an agency of the United States Department of Health and Human Services. The mean serum phospholipid level was normal, whereas the mean plasmalogen (ChoPlas ϩ EtnPlas) level was less than the normal range (100-300 M ). The mean ratio of choline plasmalogen to ethanolamine plasmalogen (ChoPlas/EtnPlas ratio) was nearly equal to that of elderly subjects (0.83 Ϯ 0.17) that we previously reported ( 4 ). Changes in clinical and serum biochemical parameters before and after 2 wk of myo -inositol treatment are shown in Table 2 . Myo -inositol treatment significantly increased plasmalogen-related parameters and diastolic pressure; it furthermore significantly decreased LDLrelated parameters, especially the mean sdLDL level. Blood glucose tended to decline after treatment. The largest changes included 11-22% increases in plasmalogen-related parameters and a 23% reduction in sdLDL levels. The mean hsCRP level after 2 wk was substantially elevated, probably due to the onset of an inflammation in one subject. Myo -inositol ingestion had no effect on HDL-related parameters, such as HDL-C and apo A-I, nor on TG level.
Since the presence of sdLDL is one of characteristics of lipidosis of MetS ( 9 ), we investigated whether myoinositol treatment improves the status of MetS. The hyperlipidemic subjects treated with myo -inositol were divided into two groups: MetS and non-MetS. The MetS group was characterized by significantly higher BMI, waist size, and apo E and lower HDL-related parameters. Furthermore, MetS group showed high levels of hsCRP, TG, and sdLDL and low levels of plasmalogenrelated parameters (Table 3) . Comparison of the efficacy of myo -inositol treatment on the MetS and non-MetS groups of hyperlipidemic subjects revealed that the plasmalogen-related parameters significantly increased and blood glucose decreased only in the MetS group. The levels of hsCRP and sdLDL also tended to decrease, particularly in the MetS group. However, myo -inositol treatment had no effect on HDL or TG levels (Table 3) .
Correlation analyses of the parameters before and after myo -inositol treatment were done. The parameters with statistically significant correlations with notable items are shown in Tables 4-1 and 4-2. Prior to myoinositol treatment, HDL-C was positively correlated only with plasmalogen-related parameters, and was negatively correlated with many risk factors, such as TG, apo E, hsCRP, waist size, sdLDL, and BMI. Plasmalogenrelated parameters were also positively correlated only with HDL-related parameters, and were negatively correlated with risk factors, such as waist size, sdLDL, and apo E (Table 4-1) . On the other hand, sdLDL was positively correlated with a variety of risk factors, in addition to LDL-related parameters; sdLDL was negatively correlated with HDL-and plasmalogen-related parameters. C-reactive protein (hsCRP) was positively correlated with waist size and negatively with HDL-C. Blood glucose was negatively correlated with PL, ChoPlas, and ChoPlas/EtnPlas ratio (Table 4 -2). After myo-inosi- tol treatment, the correlation of plasmalogens with LDL-related parameters and those with hsCRP became stronger.
DISCUSSION
This clinical study was conducted to investigate the effects of increased serum plasmalogens, induced by myo-inositol ingestion, on several clinical and biochemical parameters in hyperlipidemic subjects including those with metabolic syndrome (MetS). Since this study was not a placebo-controlled design, the effect was assessed using the paired t-test to compare values before and after treatment.
This study is the first to report that myo-inositol ingestion significantly increases human serum plasmalogen levels, which was previously documented in rat liver and plasma (unpublished data). The increased ratio of plasmalogens to phospholipids (Plas/PL) after myo-inositol treatment was greater than that of the actual plasmalogen level (Table 2) , which means a specific enhancement of plasmalogen biosynthesis in glycerophospholipids. Myo-inositol is reported to increase the brain plasmalogen content in rats (10) , and this effect may contribute to improve affective disorders, such as major depression and panic disorder (11) . Although the mechanism by which myo-inositol enhances plasmalogen biosynthesis remains unknown, myo-inositol intake possibly facilitates plasmalogen biosynthesis in the liver, and this may lead to the secretion of plasmalogen-rich lipoproteins.
Plasmalogen biosyntheses are strictly regulated and the plasmalogen levels in cells or tissues are physiologically kept constant (12) (13) (14) (15) . Our result appears to support these facts. The increase in the plasmalogen levels after myo-inositol treatment tended to be inversely proportional to the serum plasmalogen levels before treatment (Fig. 1) . Serum plasmalogens reached a plateau level of around 150 M with myo-inositol treatment, which corresponds to the average level observed in elderly subjects reported by a previous study (4) .
Myo-inositol significantly reduced serum atherogenic cholesterol levels, including LDL-C and sdLDL-C levels ( Table 2) . Although dietary myo-inositol, as well as phytate (myo-inositol hexaphosphate, IP6), is reported to have a cholesterol-lowering effect (16, 17) , this is the first paper to document a reduction in sdLDL with myoinositol treatment. Our previous study suggests that serum plasmalogen may be involved in the appearance of sdLDL; the lower the ratio of choline plasmalogen to ethanolamine plasmalogen (ChoPlas/EtnPlas ratio), the greater the sdLDL level (4). Myo-inositol particularly increased the ChoPlas level (Table 2) , which resulted in an increase in the ChoPlas/EtnPlas ratio. This may be related to the reduction in the sdLDL level, although, in the present study, sdLDL was determined using a precipitation method (18) , rather than by measuring particle size as in a previous study (19) . The ChoPlas/EtnPlas ratio reflects the transfer rate from EtnPlas to ChoPlas, because EtnPlas is a precursor of ChoPlas biosynthesis (20) . Therefore, the declining rate of transfer from EtnPlas to ChoPlas was inferred to be potentially related to the appearance of atherogenic sdLDL. However, the mechanism by which plasmalogens are involved in the modification of lipoproteins metabolism is unknown. A significant positive correlation between serum plasmalogens and HDL (Table 4-1) was reported by Engelmann et al. (21) , and this finding has been supported by our previous study (4) . We speculate that plasmalogen biosynthesis may be closely related to the production of apo A-I through peroxisomal function. However, myo-inositol treatment did not change the HDL-C or apo A-I levels, despite substantial increase in serum plasmalogen levels. This result suggests that the acceleration of plasmalogen biosynthesis caused by water-soluble myo-inositol is mediated via an alternate pathway, which is different from the activation of peroxisomal function. Therefore, myo-inositol treatment could be used to achieve the beneficial effect of plasmalogens alone without HDL.
Based on the correlation analyses, sdLDL was confirmed to be a very important risk factor (Table 4 -2). Because the presence of sdLDL is one of characteristics of lipidosis for MetS (9), we investigated whether myoinositol treatment improves the status of MetS. Notable reduction of sdLDL, blood glucose, and hsCRP levels were observed particularly in the MetS group of the hyperlipidemic subjects treated with myo-inositol ( Table  3) . The blood glucose level had a significant negative correlation with the ChoPlas level (Table 4 -2). Moreover, our previous study has shown that plasmalogens have a significant negative correlation with HbA1c (4), an increased level of which indicates diabetes mellitus. Therefore, the facilitation of plasmalogen biosynthesis may contribute to improving glucose metabolism. The antioxidative effect of plasmalogens may be supported by the reduced level of hsCRP, an indicator of chronic vascular inflammation, which reflects the oxidative damage that occurs due to atherosclerosis (22) . The marked reduction in the hsCRP level with myo-inositol treatment in MetS group (Table 3) suggests the physiological importance of serum plasmalogens in protecting blood vessels from oxidative stress. Interestingly, however, myo-inositol treatment had no effect on low HDL and high TG status, which is a typical feature of lipidosis for MetS. This finding suggests that the status of low HDL and high TG may not directly cause the production of sdLDL, but only that of accompanying phenomena.
In conclusion, the present study suggests that the increases in plasmalogen biosynthesis and/or in serum levels improve the status of MetS among hyperlipidemic subjects with MetS by the reduction of sdLDL, hsCRP, and blood glucose levels, and that serum plasmalogens are closely related to the appearance of sdLDL.
